Ag-Cu alloy catalysts for ethylene epoxidation have been shown to yield higher selectivity towards ethylene oxide compared to pure Ag, the unique catalyst employed in the industrial process. Previous studies showed that under oxidizing conditions Cu forms oxide layers on top of Ag. Using first-principles atomistic simulations based on density functional theory, we investigate the reaction mechanism on the thin oxide layer structures and establish the reasons for the improved selectivity. We extend the range of applicability of the selectivity descriptor proposed by Kokalj et al. [J. Catal. 254, 304 (2008)], based on binding energies of reactants, intermediates, and products, by refitting its parameters so as to include thin oxide layer catalysts. We show that the selectivity is mainly controlled by the relative strength of the metal-carbon vs. metal-oxygen bonds, while the height of the reaction barriers mostly depend on the binding energy of the common oxametallacycle intermediate.
I. INTRODUCTION
The production of ethylene oxide (EO) through the partial oxidation of ethylene is one of the largest industrial catalytic processes, 1 with a world annual production of about 19 million metric tons in 2009. 2 Ethylene oxide is mostly used in the synthesis of ethylene glycol, an important chemical for the production of antifreeze, polyester, and polyethylene terephthalate (PET). EO finds applications also in the production of surfactants and detergents. The oxidation process must be carried out with high selectivity, since the competing reaction, leading to total combustion (CO 2 + H 2 O) is thermodynamically favored. The unique catalyst used in the industry is Ag, in the form of particles dispersed on an α-Al 2 O 3 support. 3 While pure Ag achieves selectivities towards the formation of EO lower than 50%, the addition of suitable promoters (typically Cl and Cs) can enhance the selectivity up to around 90%. 4 The nature of the oxygen species on Ag is responsible for the epoxidation of ethylene and the reasons why silver is the unique catalyst for this process have long been debated. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Of the various O species identified on Ag, a so called "electrophilic" oxygen is believed to be responsible for the insertion into the electron-rich C=C double bond of ethylene, while the "nucleophilic" oxygen should activate the C-H bond in ethylene, the first step towards total combustion. 12 The former type of oxygen is usually identified as a form of atomic oxygen chemisorbed on clean Ag, but recent theoretical works point towards a 2-fold coordinated oxygen atom at the surface of Ag 2 O(001), 15 while the latter is thought to be an oxygen atom at the surface of oxide-like layer. 12, 16 Moreover, on Ag oxygen can diffuse into the subsurface layers, 12, [17] [18] [19] a) Electronic mail: piccinin@sissa.it and several works stressed the key role played by subsurface oxygen in this catalytic process. [7] [8] [9] On silver surfaces, experimental and theoretical works by Linic and Barteau 20, 21 suggest the reaction mechanism to involve a common oxametallacycle (OMC) intermediate for both the selective path leading to EO and for the unselective path leading to acetaldehyde (Ac), which is quickly converted to CO 2 on Ag surfaces. On Ag 2 O(001), on the other hand, van Santen and co-workers identified competing a mechanism, where EO forms via a non-activated direct path without involving any intermediate. 15 When considering other coinage metals, theoretical calculations show that the Cu(111) surface can, in principle, afford even higher selectivities than Ag. 22, 23 The unique ability of Ag to selectively catalyze this reaction has been attributed to Ag being able to bind oxygen strongly enough to dissociate O 2 , but not too strongly so as to make desorption of EO more activated than competing paths leading to total oxidation. 14 Given the industrial relevance of ethylene epoxidation, modifications of the Ag surface to improve the selectivity towards the formation of EO have long been attempted. Barteau and co-workers, in particular, through a combination of theoretical modeling and experiments on model catalysts, have shown that alloying Ag with Cu significantly improves the selectivity compared to pure Ag. 24 This improvement was rationalized on the basis of the formation of a surface alloy. 24 At temperature and pressure typically used in industrial production of ethylene oxide (T 500-600 K, p 1-10 atm), however, Cu impurities in Ag tend to segregate to the surface and form copper oxide. 26 Cupric oxide, CuO, is the thermodynamically stable form of copper oxide at these conditions of temperature and pressure. In situ XPS measurements show that both Cu(I) and Cu(II) are present at the surface of Ag-Cu alloys at 520 K and a pressure of 0.5 mbar. 25 These measurements reveal the presence of thin overlayers on top of silver particles where Cu is present in its oxidized form, while no signatures of metallic Cu are detected. This is in agreement with theoretical studies indicating a thermodynamic driving force towards the formation of thin copper oxide structures, and showing that a variety of surface structures with different stoichiometries can form under these conditions, all having similar surface energies. [25] [26] [27] [28] [29] While previous studies focused on the structure of AgCu alloys under reaction conditions, the crucial issue of how (oxidized) Cu alloyed into Ag improves the catalytic properties of pure Ag is still unclear. In this work, we employ density functional theory (DFT) calculations to model the mechanism of ethylene epoxidation promoted by thin Cu-oxide layers on Ag surfaces. We investigate, in particular, the role of subsurface oxygen and compare the results obtained for the alloy to the case of pure Ag. We develop an indicator of the catalysts activity and selectivity based on the binding energy of the reaction intermediates, along the lines proposed by Kokalj et al., 30 that enables us to rationalize the catalytic properties of Cu-oxide overlayers on Ag. We show that thin Cu-oxide layers improve the selectivity towards EO compared to pure Ag due to an increase of the metal-oxygen bond relative to the metal-carbon bond, in agreement with what has been proposed for clean metal surfaces.
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II. METHODS
In this work, the DFT calculations are performed using the generalized gradient approximation (GGA) of PerdewBurke-Ernzerhof (PBE) 31 for the exchange and correlation functional. The electron-ion interactions are computed using ultrasoft pseudopotentials, 32, 33 including scalar relativistic effects, and the energy cutoff for the plane wave expansion is 30 Ry (300 Ry for the charge density cutoff). Brillouinzone integration has been performed with the special-point technique, 34 and broadening the Fermi surface according to the Marzari-Vanderbilt cold-smearing technique, 35 using a smearing parameter of 0.03 Ry (0.41 eV). We model the catalysts employing a periodically repeated slab geometry using a (2 × 2) surface supercell for the (111) surface orientation, with adsorbates on one side of the slab only. The Brillouinzone integrations are performed with a 6 × 6 × 1 MonkhorstPack grid. 34 The Ag slabs are four layers thick and the bottom two layers are kept fixed in their bulk positions during relaxations. A 12 Å vacuum layer is used, which is found to be sufficient to ensure negligible coupling between periodic replicas of the slab.
For the calculation of the reaction pathways we adopt the nudged elastic band (NEB) technique. 36 The transition state along the minimum energy path is located using the climbing image method. 36 During the NEB minimization, all the atoms except the bottom two layers of the silver slab are allowed to relax, until the forces are less than 0.05 eV/Å. All the calculations are performed using the PWscf code contained in the Quantum-ESPRESSO distribution. 37 To take into account the effects of temperature (T) and pressure (p) of reactive environment, we use the constrained ab initio atomistic thermodynamics approach, 19, 38, 39 in which the system under investigation is considered to be in contact with the oxygen and ethylene reservoirs at fixed chemical potentials (i.e., at fixed temperature and partial pressure), while the two reservoirs do not interact with each other. We define the surface free energy of adsorption as
where A is the surface area, E tot is the total energy of system, E 
III. RESULTS AND DISCUSSION
In our previous works [25] [26] [27] [28] [29] 40 we have shown, theoretically and experimentally, that under conditions of temperature and pressure relevant for ethylene epoxidation, copper in AgCu alloys tends to segregate to the surface and form thin oxide layers. While we theoretically identified several candidate surface structures with similar energetics, here we will focus on the (111) facet and in particular on the "CuO/Ag(111)" structure, consisting of an overlayer with a one-to-one ratio of Cu and O in a (2 × 2) unit cell on top of a Ag(111) slab. This single "CuO" layer bears little structural resemblance to the corresponding CuO bulk oxide. 26 Moreover, we stress that DFT-PBE fails to accurately describe the electronic structure of bulk CuO, predicting this material to be a metal with an almost orthorhombic structure, rather than an antiferromagnetic semiconductor with a monoclinic structure. 41 Therefore, when considering the formation of thicker CuO layers, we must keep in mind that absolute values of quantities such as the surface free energy are likely affected by a significant error. We will first examine the role of sub-surface oxygen in the catalytic properties of this structure, and compare the results with Ag(111) and with structures in which the Cu substitutes for Ag in CuO/Ag(111). This will enable us to build indicators of activity and selectivity that will be instrumental for rationalizing the improvement of selectivity due to the formation of a CuO layer on Ag(111).
A. Thermodynamic stability of O sub in Ag-Cu alloys
The role played by subsurface oxygen (O sub ) in ethylene epoxidation has been investigated for more than 30 years, but is still a controversial topic. van In the top panel, the small red atoms represent oxygen on the first thin oxide layer, the large light-brown ones represent copper on the first thin oxide layer, the small dark-red ones represent sub-surface oxygen, the large dark-brown ones represent copper on the second layers, and the large white ones represent silver.
the bonds of on-surface oxygen, thus facilitating the binding of on-surface oxygen to the C=C double bond of ethylene, forming EO. 9 Mavrikakis et al., on the other hand, through DFT calculations, found that O sub can stabilize the on-surface oxygen, 19, 42, 43 and also increases the chemisorption energy of ethylene on pure Ag surface. 42 Experiments on ethylene epoxidation on pure Ag surfaces detected the presence of O sub upon oxidizing ethylene molecules. Nevertheless, the catalytic promotion of this oxygen strongly depends on the experimental set-up. For example, in the transient experiments by Grant and Lambert 7 and van Santen and co-workers, 8, 44 an increase of silver selectivity towards the formation of EO was found to correlate with presence of O sub . On the other hand, experiments done by Campbell and co-workers, under steady-state conditions, showed that as the temperature increases oxygen tends to be incorporated in subsurface positions, but this does not seem to effect the catalytic properties of the system. 5, 6 By using temperature programmed reaction (TPR) and temperature programmed desorption (TPD) for ethylene and oxygen species, Atkins et al. showed that O sub can be present on Ag(111) surface in an amount up to 2.28 ML. 45 Moreover, measurements of Ag surfaces in oxygen atmosphere showed that O sub induces an electronic effect on Ag atoms on surfaces in the same way as Cl does. [46] [47] [48] In this work we examine a variety of structures containing subsurface oxygen. For the clean Ag(111) surface, we consider a (2 × 2) unit cell with 0.25 ML coverage of chemisorbed atomic oxygen on the surface. In agreement with Li et al., 19 we find two stable configurations for O sub having nearly identical surface free energy: (i) a structure with the surface oxygen at a fcc site and O sub at a tetrahedral (tetra) subsurface site, denoted as O sub (tetra) + O(fcc)/Ag(111), and (ii) a structure with the surface oxygen at a hcp site and O sub at a octahedral (octa) site, denoted as O sub (octa)
In the case of the CuO/Ag(111) structure, we find the most stable site for O sub to be at the interface between the Cu-oxide layer and the Ag slab, corresponding to a fcc adsorption site of the underlying Ag(111) surface. However, as previously discussed, 29 the formation of O sub at temperature and pressure relevant for ethylene epoxidation is not thermodynamically favorable. We therefore considered the effect of substituting Ag with Cu in the first Ag layer of the CuO/Ag(111) structure. We label these structures Cu x Ag (4−x) O y + CuO/Ag(111), where x is the number of Cu atoms replacing Ag and y is the number of O atoms at subsurface positions. The Cu 4 O 4 + CuO/Ag(111) thus corresponds to two layers of CuO on Ag(111) (see Fig. 1 ). O sub in this case can be seen as playing the role of the nucleation site for bulk oxide formation. 19 In recent studies of oxidation reactions over transition metal such as Ru, Rh, Ag, and alloy surfaces such as NiAl(110), 19, [49] [50] [51] it has been shown that the incorporation of oxygen into subsurface sites is a precursor to the oxide formation. 19, 52 In Fig. 2 , we present the surface free energy (Eq. (1) sub atoms prefer to reside right at the interface under the first CuO layer rather than on the surface or deeper in the Ag slab (i.e., under the second Ag layer). This is due to the fact that the Cu−O bond is considerably stronger than the Ag−O one. 26 From the phase diagram in Fig. 2 we can see that as the number of Cu atoms replacing Ag in the second layer increases, so does the number of O sub atoms at the interface. The surface free energy tends to decrease as more CuO layers are formed, in agreement with the fact that bulk CuO is stable phase at this value of oxygen chemical potential. 26, 27 
B. Effects of O sub and Cu content on activity and selectivity: NEB calculations
In this section we study the minimum energy paths (MEP) for the oxidation of ethylene along the two competing paths, leading to the formation of either Ac or EO. Linic and co-workers have experimentally shown the existence of a common OMC intermediate for both reaction paths on clean Ag. 20 In our simulations, the initial state is ethylene physisorbed at the catalyst surface and in all cases we find the reaction to go through an OMC intermediate before branching to give one of the two products. On each surface structure we identified several OMC geometries, often with similar energetics (see Table I ).
Given the common OMC intermediate, within transition state theory (assuming the pre-exponential factors to be the same) the selectivity towards the formation of EO is a function of the difference in the activation energy for the two competing processes. We therefore define E * = E * Ac − E * EO , and positive values of E * indicate that the formation of EO is kinetically, albeit not thermodynamically, favored.
The energies of local minima and transition states along the minimum energy paths computed through NEB calculations are shown in Fig. 3 . We considered six kinds of structures: Ag (111) Table I . The results suggest that, on Ag(111), the presence of O sub increases the height of activation energies in both reactions (∼0.5 eV), in agreement with the results of Greeley and Mavrikakis. 43 On the thin oxide-like layer structures, on the other hand, O sub slightly decreases the activation energies, by ∼−0.05 eV. The behavior towards an increase of the Cu content, however, is different for two reaction paths: E * Ac increases by 0.3 eV, while E * EO is almost unchanged (∼−0.05 eV) as one Cu substitutes for Ag. This data seem to indicate that O sub can either increase or decrease the selectivity towards EO depending on the surface structure: its effect is detrimental in the case of Ag(111) while it can be beneficial in the case of CuO/Ag(111). The presence of Cu, on the other hand, clearly enhances the tendency to form EO, since the least selective among the Cu-containing structures ( E * = −0.01 eV) is more selective than the best Cu-free structure ( E * = −0.08 eV).
C. Selectivity and activity indicators
In Fig. 4 , we show the geometry of the transition state (TS) for the formation of both EO and Ac on the six surface structures discussed in Sec. III B. We can see, as already noticed by Kokalj et al., 30 that the geometry of TS is not strongly influenced by the underlying catalyst surface. The TS of the OMC → EO reaction is characterized by a fully broken C-surface bond, while in the OMC → Ac case, at the TS both the C-surface and O-surface bonds are partially broken. On the basis of this observation, Kokalj et al. 30 decomposed the OMC-surface interaction into the sum of the interactions of methyl (CH 3 •) and methoxy (CH 3 O•) radicals with the surface. Accordingly, the authors postulated the activation energy of the two processes to depend linearly not only on the enthalpy of reaction (Brønsted-Evans-Polany principle), but also on the strength of the two radical-surface bonds according to: where
and C 1 and C 2 are two additive constants. The (SI) superscript is used to distinguish these quantities obtained with a "Selectivity Indicator" from those computed directly through a NEB calculation.
The selectivity towards the formation of EO is a function of E * = E * Ac − E * EO , which therefore reads:
with α = α 2 − α 1 . Fitting C, α, β, and γ against a series of NEB calculations on clean metal surfaces (Ag, Cu, Rh, and Au), Kokalj et al. 30 obtained α −β γ = 0.39 eV. This selectivity indicator could fit their data set with a root-mean-square-error (RMSE) of 0.05 eV and a maximum-absolute-error (MAE) of 0.07 eV. We tested the To derive an indicator able to describe the selectivity both on clean metal surfaces as well as on structures covered with thin CuO layers, we first refitted the parameters of the selectivity indicator proposed by Kokalj et al. The data set for the fitting includes all the structures described in Table I (squares in Fig. 5 ) as well as the structures originally used in the derivation of the selectivity indicator 30 (circles in Fig. 5 ). Keeping α = −β, we obtain values of 0.24, 1.01, and −0.12 for α, γ , and C, respectively, leading to RMSE = 0.07 eV and MAE = 0.13 eV (see Fig. 5 ). The fact that the largest coefficient in this linear fit is γ suggests that the difference in binding energy between the final products plays the largest role, as predicted by the BEP principle. As can be seen in Table I , however, these quantities do not vary appreciably from structure to structure, while the binding energies of the methyl and methoxy radical strongly depend on the catalyst surface.
The data shown in Fig. 5 clearly show that the structures containing Cu (blue circles and squares) tend to have a higher selectivity towards EO compared to Cu-free structures (red circles and squares), given the fact that most of the blue symbols are found on the top right corner of the graph.
The selectivity indicator correctly captures the improvement in selectivity of Cu-containing structures, thus showing that this effect is to be attributed to the ability of Cu to increase the strength of the O-surface bond compared to the C-surface bond. This is in agreement with the results presented by Kokalj et al. on metal surfaces. 30 We cannot fail to notice, however, that the error in the selectivity indicator (∼0.1 eV) is often as big as the differences in E * between one structure and the other. Its quantitative predictive power is limited in the cases where E * 0.1 eV. It allows, however, to rationalize the reason for the improvement in selectivity of Ag-Cu alloys compared to pure Ag on the basis of the relative strength of bonds between OMC and the surface.
To get further insights into the role of Cu in improving the selectivity of Ag, we separately fitted the parameters of Eqs. (3) and (4), obtaining the following expressions for the indicators of the activity towards EO and Ac:
The quality of the fit is shown in Fig. 6 . We obtain a RMSE of 0.09 eV and MAE of 0.23 eV for E * Ac and a RMSE (3) and (4), (E * (SI) ). The meaning of the symbols is the same as in Fig. 5 .
of 0.10 eV and a MAE of 0.25 eV for E * EO . Comparing the two panels in Fig. 6 we can see that while the presence of Cu tends to increase the activation energy towards the formation of Ac, no such effect is present for the selective path. The overall effect of Cu, through an increase of the metal-oxygen bond relative to the metal carbon bond, is therefore to suppress the unselective reaction channel.
A closer look at Eqs. (8) and (9) reveals that the activity of the catalyst mostly depends on the binding energy of the OMC intermediate, since the largest coefficient in both expressions is the one in form of E b OMC . As we can see from the data reported in Table I , this quantity changes appreciably from structure to structure, giving rise to variations in the activation energies of a factor of 2. To improve the activity of the CuO/Ag catalyst, while keeping its high selectivity, one should therefore aim at decreasing the stability of the OMC intermediate. This suggests a possible strategy in the search for superior alloy catalysts for ethylene epoxidation.
IV. CONCLUSIONS
Using DFT calculations we studied the catalytic properties of Ag-Cu alloys for ethylene epoxidation, accounting for the fact that Cu tends to oxidize and form thin Cu-oxide layers on top of the Ag particles. We investigated the role played by subsurface oxygen and found that, depending on the catalyst surface structure, it can either increase or decrease the selectivity towards the formation of ethylene oxide. The thermodynamic stability of subsurface oxygen is enhanced in the presence of high Cu contents, in line with the fact that the formation of bulk Cu-oxide is favored at values of temperature and pressure typically used in ethylene epoxidation.
By reparametrizing the indicator proposed by Kokalj et al., 30 we developed indicators of the catalysts activity and selectivity based on binding energies of reactants, intermediates, and products which estimate barrier heights and differences in barriers with errors of the order of ≈0.1 eV. As shown earlier for clean metal surfaces, we find that the improved selectivity of CuO layers on Ag is due to an increase of the strength of the surface-oxygen bond relative to the surface carbon bond. The activity of the catalyst, on the other hand, is mainly due to the strength of the interaction between the OMC intermediate and the surface. Reducing OMC binding energy while at the same time retaining the high selectivity afforded by CuO layers might constitute a rational strategy to design improved alloy catalysts for ethylene epoxidation.
